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(57) ABSTRACT 

To provide an oscillation device having a long oscillation 
wavelength in which wavelength variable width is relatively 
broad and wavelength sweep rate is relatively high. An oscil 
lation device includes a gain medium having a gain with 
respect to an electromagnetic wave to be oscillated, cavity 
structures for resonating the electromagnetic wave, and 
energy injection means and for injecting pumping energy into 
the gain medium. The gain medium is sandwiched between a 
?rst negative permittivity medium and a second magnetic 
permittivity medium each of which real part of permittivity 
with respect to the electromagnetic wave is negative. Electric 
?eld application means is provided for at least one of the ?rst 
negative permittivity medium and the second negative per 
mittivity medium to apply an electric ?eld for changing a 
depletion region formed at a boundary part with the gain 
medium. 
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OSCILLATION DEVICE 

TECHNICAL FIELD 

The present invention relates to an oscillation device 
including a gain medium sandWiched betWeen negative per 
mittivity media of Which real part of permittivity With respect 
to an electromagnetic Wave is negative. In particular, the 
present invention relates to a current injection type oscillation 
device including a Waveguide through Which surface plasmon 
With an electromagnetic Wave having a frequency Within a 
frequency region from 30 GHZ to 30 THZ (called millimeter 
Wave and terahertZ Wave, particularly a region near 30 GHZ 
and a region near 30 THZ are respectively called millimeter 
Wave band and terahertZ band in this speci?cation) is propa 
gated, and serving to change the depletion region by applying 
an electric ?eld through electric ?eld control means to alloW 
oscillation Wavelength to be variable. 

BACKGROUND ART 

A neW type of semiconductor laser called quantum cascade 
laser Which operates based on transition of carriers betWeen 
energy levels of carrier Within a single energy band such as 
conduction band or valence band (transition betWeen sub 
bands). Oscillation Wavelength of a quantum cascade laser 
depends on level distance betWeen tWo energy levels With 
respect to optical transition. Accordingly, oscillation Wave 
length can be selected over a broad spectrum region (from 
mid-infrared region to terahertZ region). Initially, it Was veri 
?ed that such a laser can be realiZed by a con?guration in 
Which an oscillation Wavelength is selected to be equal to 4.2 
pm of the mid-infrared region. In recent years, due to an 
increasing demand for electromagnetic resource of teraher‘tZ 
region useful for bio sensing, longer Wavelength lasers having 
an oscillation Wavelength on the longer Wavelength side rela 
tive to the mid-infrared region has been performed. 

Such a longer Wavelength laser includes, along With a 
con?guration of a gain medium having gain in that frequency 
region, a structure called surface plasmon Waveguide capable 
of performing tight light con?nement into the gain medium. 
Such a longer Wavelength laser differs from a conventional 
semiconductor laser Which performs light con?nement by 
using a dielectric clad structure. As such a longer Wavelength 
laser, there is proposed a con?guration using as clad a nega 
tive permittivity medium of Which real part of permittivity is 
negative (see Japanese Patent Application Laid-Open No. 
2000-138420). In the con?guration, guided by the clad is an 
electromagnetic Wave called surface plasmon to Which polar 
iZation oscillation of charged carriers Within the negative 
permittivity medium contributes. Since no diffraction limit 
exists for such surface plasmon, a substantial part of mode 
intensity can be con?ned Within the gain medium. By using 
such a technique, laser oscillation at an oscillation Wave 
length as long as 11.4 um is realiZed. 

There is also proposed a con?guration in Which a pair of 
negative permittivity media of Which real part of permittivity 
is negative are disposed as clad at upper and loWer sides of a 
gain medium (see Benjamin S. Williams, et al.; Appl. Phys. 
Lett., Vol. (2003), 2124). Also in this case, guided by the clad 
is surface plasmon. In a gain medium Where tWo negative 
permittivity media are disposed as clad, a greaterpart of mode 
intensity can be con?ned Within the gain medium as com 
pared to the con?guration of Japanese Patent Application 
Laid Open No. 2000-138420. By using such a technique, 
laser oscillation at an oscillation Wavelength as long as about 
100 um (3 THZ) is realiZed. 
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2 
On the other hand, in such longer Wavelength lasers having 

a structure called surface plasmon Waveguide, a technology 
for alloWing oscillation Wavelength to be variable is not Well 
knoWn. The technique knoWn to the date uses temperature 
adjustment means Which is typical in the ?eld of optical 
semiconductor laser. For example, in the above-cited Ben 
jamin article, it is reported that a variable range of about 4% 
Was realiZed by temperature adjustment from 5 K to 77 K. 

DISCLOSURE OF THE INVENTION 

HoWever, the con?guration using temperature adjustment 
for alloWing oscillation Wavelength to be variable in the 
knoWn long Wavelength laser has problems in connection 
With tWo points as described beloW. Namely, the Width from 
the upper limit to the loWer limit Where oscillation Wave 
lengths are rendered to be variable (Wavelength variable 
Width) is relatively narroW, and a rate for sWeeping oscillation 
Wavelength (Wavelength sWeep rate) is relatively loW. There 
fore, also in long Wavelength lasers, a technique for alloWing 
the oscillation Wavelength to be variable is required, except 
for the technique of temperature adjustment, Which can solve 
these problems. 

In vieW of the above-described problems, a ?rst aspect of 
the present invention is directed to an oscillation device 
including a gain medium having a gain With respect to an 
electromagnetic Wave to be oscillated, a cavity structure for 
resonating the electromagnetic Wave, and energy injection 
means for injecting pumping energy into the gain medium, 
Which includes the folloWing con?guration. Namely, the gain 
medium is sandWiched betWeen a ?rst negative permittivity 
medium and a second negative permittivity medium, each of 
the ?rst and second permittivity media being such that real 
part of permittivity thereof With respect to the electromag 
netic Wave is negative. Further, electric ?eld application 
means is provided for at least one of the ?rst negative permit 
tivity medium and the second negative permittivity medium 
so as to apply an electric ?eld for changing a depletion region 
formed at a boundary part With the gain medium. 

Moreover, a second aspect of the present invention is 
directed to an oscillation device for oscillating an electromag 
netic Wave having a frequency selected from a frequency 
region from 30 GHZ to 30 THZ, Which includes a ?rst negative 
permittivity medium of Which real part of permittivity With 
respect to the electromagnetic Wave is negative, a second 
negative permittivity medium of Which real part of permittiv 
ity With respect to the electromagnetic Wave is negative, a 
gain medium sandWiched betWeen the ?rst negative permit 
tivity medium and the second negative permittivity medium 
and having a gain With respect to the electromagnetic Wave, 
and a drive electrode for injecting carriers into the gain 
medium to drive the gain medium, Wherein the oscillation 
device further includes a control electrode to change thick 
ness of a depletion region formed betWeen at least one of the 
?rst and second negative permittivity media and the gain 
medium for controlling oscillation Wavelength, and the con 
trol electrode is con?gured to be capable of applying an 
electric potential independently of the drive electrode. 

In accordance With the oscillation device of the present 
invention, a scheme is employed to change, at a relatively 
high rate, the depletion region at the boundary part betWeen 
the gain medium and the negative permittivity medium to 
thereby change oscillation Wavelength. Accordingly, if a rela 
tively thin gain medium is used (this can be performed as 
described later), the siZe of the depletion region can be 
adjusted by a relatively large ratio With respect to the region of 
the gain medium. Thus, there can be realiZed an oscillation 
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device With a long oscillation Wavelength, Which is broader in 
Wavelength variable Width and is higher in Wavelength sWeep 
rate, as compared to the related art. 

FolloWed by this, the oscillation device of the present 
invention can be effectively applied particularly in the ?eld of 
millimeter Wave and terahertZ Wave, e. g., to spectrum inspec 
tion and identi?cation of material based thereon used in bio 
sensing, as Well as high speed information communication. 

Further features of the present invention Will become 
apparent from the folloWing description of exemplary 
embodiments With reference to the attached draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1A, 1B and 1C are diagrams illustrating an exem 
plary embodiment of an oscillation device according to the 
present invention; 

FIGS. 2A and 2B are diagrams shoWing the con?guration 
of an oscillation device of Example 1; 

FIGS. 3A, 3B and 3C are diagrams for describing the 
relationship betWeen electrode voltage and thickness of 
depletion region of Example 1; 

FIG. 3D is a diagram for describing the relationship 
betWeen thickness of the depletion region and equivalent 
refractive index of guided mode of Example 1; 

FIG. 4 is a diagram for describing the relationship betWeen 
voltage applied to a control electrode and oscillation Wave 
length of Example 1; 

FIGS. 5A and 5B are diagrams illustrating the con?gura 
tion of an oscillation device of Example 2; 

FIGS. 6A and 6B are diagrams illustrating the con?gura 
tion of an oscillation device of Example 3; 

FIGS. 7A, 7B and 7C are diagrams for describing the 
relationship betWeen electrode voltage and thickness of 
depletion region of Example 3; 

FIG. 7D is a diagram for describing the relationship 
betWeen thickness of depletion region and equivalent refrac 
tive index of guided mode of Example 3; and 

FIG. 8 is a diagram for describing the relationship betWeen 
voltage applied to a control electrode and oscillation Wave 
length of Example 3. 

BEST MODES FOR CARRYING OUT THE 
INVENTION 

Exemplary embodiments of the present invention Will noW 
be described With reference to the attached draWings While 
describing the principle of the present invention. 

FIGS. 1A and 1B illustrate the con?guration of an exem 
plary embodiment of an oscillation device to Which the 
present invention is applied. In FIGS. 1A and 1B, negative 
permittivity media 101 and 102 are materials having negative 
real part of permittivity in a frequency region of an electro 
magnetic Wave to be oscillated. In the frequency region of 
millimeter Wave and terahertZ Wave, the negative permittivity 
medium is formed of, e.g., carrier-doped semiconductor (e.g., 
InAs, InP, GaAs, Si), metal (e.g., Ag, Au, Cu, Al), or these 
plural materials (metal and carrier-doped semiconductor). 
Since the negative permittivity medium is also conductive 
material in the typical case, transparent conductive ?lm (ITO) 
may be selected. 

Moreover, in FIGS. 1A and 1B, a gain medium 103 is 
sandWiched betWeen the negative permittivity media 101, 
102 at upper and loWer parts thereof. In general, a gain 
medium is a material such that When pumping energy is 
injected by energy injection means, a gain is generated. Here, 
the gain medium 103 is a material such that When carrier is 
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4 
injected, gain is generated. In order to perform current inj ec 
tion from the outside, it is necessary to alloW the gain medium 
103 and negative permittivity media 101, 102 to be electri 
cally in contact With each other. To this end, a high concen 
tration carrier doped semiconductor can be utiliZed as elec 
trical contacts 111, 112 as occasion demands. Here, the high 
concentration refers to a carrier concentration such that at 
least real part of permittivity becomes negative. In addition, 
there are provided electrodes 121 and 122 (122A, 122B). In 
such a con?guration, the negative permittivity media 101, 
102, and electrical contacts 111, 112 function as a clad serv 
ing as a geometrical optical re?ection plane surface With 
respect to the millimeter Wave and terahertZ Wave. 

Accordingly, in an electromagnetic Wave guided by such 
clads (negative permittivity media 101, 102 and electrical 
contacts 111, 112), surface plasmon Without diffraction limit 
is permitted as guided mode. 

Meanwhile, there are instances Where depletion region 
may take place in a circumstance as described beloW at 
boundary parts betWeen the gain medium 103 and negative 
permittivity media 101, 102. It is to be noted that in the case 
Where the electrical contacts 111, 112 are provided as illus 
trated in FIGS. 1A, 1B and 1C, the above-mentioned bound 
ary part refers to the boundary betWeen each electrical contact 
and the gain medium 103. 
As an example Where the depletion region takes place, the 

case Where electrodes are provided in such a manner that the 
gain medium 103 is sandWiched therebetWeen so that an 
electric ?eld is applied from the electrodes is the typical 
example thereof. The depletion region is a region Where car 
rier concentration is temporarily loWered, and does not tem 
porarily function as a clad With respect to the millimeter Wave 
and terahertZ Wave Which are guided. Here, the loW concen 
tration refers to a carrier concentration such that the real part 
of permittivity becomes positive. 

Accordingly, When any electric ?eld is applied in such a 
manner that the gain medium 103 is sandWiched therebe 
tWeen, the geometrical re?ection plane surface is WithdraWn 
by the depletion region so that the region of the clad is With 
draWn. As a result, the distribution of the guided mode Would 
be enlarged. When an applied electric ?eld is changed, the 
region of the clad is changed (WithdraWn or advanced) by 
change of the depletion region. Thus, the distribution of 
guided mode is increased or decreased (enlarged or con 
tracted). When the geometrical re?ection plane surface is 
WithdraWn so that the distribution of the guided mode is 
enlarged, the equivalent refractive index that the guided mode 
senses is loWered. In contrast, When the geometrical re?ection 
plane surface is advanced so that the distribution of the guided 
mode is contracted, the equivalent refractive index that the 
guided mode senses increases. By this increase or decrease of 
the equivalent refractive index, resonant Wavelength is 
changed so that oscillation Wavelength is changed. 
The present invention positively uses a phenomenon such 

that the boundary (serving as geometrical optical re?ection 
plane surface) betWeen the part of the negative real part of 
permittivity and the part of the positive real part of permittiv 
ity in the clad is WithdraWn or advanced With respect to the 
gain medium 103. Further, in order to generate, annihilate or 
change the depletion region Where such a phenomenon takes 
place, control of an electric ?eld applied to the gain medium 
forming the Waveguide and the part of the clad (negative 
permittivity medium and electrical contact) is required. 
Accordingly, change of the equivalent refractive index in the 
present invention has a mechanism entirely different from 
change of the equivalent refractive index that the guided 
mode senses, Which is based on current or voltage control 
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known in the Wavelength variable optical semiconductor 
laser, in connection With the following points. Namely, the 
present invention differs from the related art in that the nega 
tive permittivity medium is used as a clad; that surface plas 
mon Waveguide de?ned on the geometrical optical re?ection 
plane surface is used; and that the distribution of guided mode 
is increased or decreased by movement on the re?ection plane 
surface resulting from change of the depletion region to 
increase or decrease the equivalent refractive index to thereby 
change resonant Wavelength. 
As such gain medium 103, e.g., a resonant tunneling diode 

may be used. Moreover, there may be used a semiconductor 
multilayer structure including several hundred to several 
thousand layers used in quantum cascade laser. 
As a method for performing electric ?eld control of the 

depletion region, there is a method in Which a pair of elec 
trodes applying a drive electric ?eld for injecting carriers into 
the gain medium 103 are disposed, and a pair of electrodes 
betWeen Which the gain medium 103 is sandWiched are dis 
posed separately therefrom in such a manner to permit elec 
tric ?eld control of the depletion region. In this case, as 
ground electrodes in tWo sets of electrode pairs, a ground 
electrode common thereto may be used. 

In the exemplary embodiment of FIGS. 1A and 1B, the 
electrode 122 is divided into a drive electrode (?rst electrode) 
122A and control electrodes (third electrode) 122B along the 
propagation direction in the surface plasmon Waveguide of an 
electromagnetic Wave to be oscillated, and the electrode 121 
is used as a ground electrode (second electrode) to thereby 
realiZe the above-mentioned electric ?eld control method. It 
is to be noted that While the present invention is not limited to 
such an implementation, there may be provided plural sets of 
drive electrode pair serving as means for injecting pumping 
energy, or plural sets of electrode pair serving as electric ?eld 
application means for performing electric ?eld control of the 
depletion area. Thus, the drive electrode 122A injects carries 
into the gain medium 103 immediately therebeloW, and the 
control electrode 122B performs electric ?eld control of clad 
of surface plasmon Waveguide immediately therebeloW. It is 
suf?cient that respective electrodes are connected to external 
electric ?eld control means (not shoWn) to respectively per 
form drive and control. It is to be noted that, in order to 
facilitate to apply independent electric potential to the elec 
trodes 122A and 122B, i.e., in order to reduce current ?oWing 
from the electrode 122A to the electrode 122B via the nega 
tive permittivity medium 102, an electrode separation region 
123 may be provided at the electrodes 122A and 122B. By the 
above-mentioned con?guration, electric ?eld control of the 
depletion region can be performed independently of drive. 
For this reason, e.g., even an electric ?eld such that gain 
vanishes in the gain medium 103 can be utiliZed for the 
purpose of increase/decrease control of the depletion region. 
In addition, there may be also employed con?gurations hav 
ing a DBR structure, DR structure and DFB structure in 
Which control electrodes as described later are distributed. 

It is to be noted While the control electrodes 122B are 
provided on both sides of drive electrode in FIGS. 1A and 1B, 
it is not necessarily required to provide such electrodes on 
both sides. For example, there may be employed a con?gu 
ration including only a control electrode on the near side of 
the ?gure in FIG. 1A, the drive electrode; and the ?rst nega 
tive permittivity medium, the gain medium, the second gain 
medium, and the common electrode 121 serving as opposite 
electrode of the drive electrode and the control electrode, 
Which are located at the loWer part of ?rst-mentioned elec 
trodes. 
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6 
Next, FIG. 1B illustrates an oscillation device cross sec 

tional con?guration for indicating a cavity structure. More 
over, FIG. 1C illustrates the state of the distribution of the 
equivalent refractive index that the guided mode senses. Here, 
the cavity structure is simply formed by end faces 104, 105. 
The surface plasmon guided by clads (negative permittivity 
media 101, 102 and electrical contacts 111, 112) oscillates by 
Fabry-Perot etalon formed by these end faces 104, 105 so that 
oscillation is produced. The Wavelength of an electromag 
netic Wave oscillated in the con?guration illustrated in FIGS. 
1B and 1C is represented by the folloWing formula (1) 

m7»:2(nALA+nBLB) (1) 

Where m is the order (integer) of the longitudinal mode, nA is 
equivalent refractive index that guided mode immediately 
beloW drive the electrode 122A senses, and L A is length of the 
surface plasmon Wave path immediately external electric 
?eld control unit the drive electrode 122A. Moreover, n3 is 
equivalent refractive index that the guided mode immediately 
beloW the control electrode 122B senses, and L B is length of 
the surface plasmon Waveguide immediately beloW the con 
trol electrode 122B. An electric ?eld applied by the control 
electrode 122B changes n5 to change an oscillation Wave 
length 7», as indicated by the formula (1), or to contribute to 
such a mode hopping to change m. Whether one change or the 
other change is selected may be also determined depending 
upon the length of L A or LB. Accordingly, Wavelength vari 
able Width depends upon change of n5. For simplicity, When 
consideration is made in connection With the case Where there 
is no mode hopping, the folloWing formula (2) is provided. 

(2) 

The Wavelength variable Width 61/1 is proportional to 
change quantity onB of equivalent refractive index that the 
guided mode senses. For example, in the case of 11 AL AInBLB, 
the Wavelength variable Width is equal to 0.5><6nB/nB. 
Namely, this indicates that change rate onB/nB of equivalent 
refractive index determines Wavelength variable Width 6M7» 
rather than change quantity onB of equivalent refractive index. 

In the present invention, it is desired for broadly selecting 
the Wavelength variable Width that the change rate of equiva 
lent refractive index that the guided mode senses is relatively 
large. In the present invention, since there is utiliZed the 
phenomenon that a clad is WithdraWn by a depletion region 
produced to broaden the distribution of guided mode, it is 
suf?cient to employ the con?guration in Which a spread quan 
tity is caused to be an equivalent quantity With respect to the 
primary guided mode distribution. To realiZe this, employ 
ment of a method of selecting the gain medium 103 having a 
thickness of the same order of the thickness of the depletion 
region, or thickness equal to the above or less is simple. This 
is because there is upper limit in an electric ?eld Which can be 
applied, and the thickness of a depletion region produced 
indicates the upper limit of the submicron order. Accordingly, 
it is desirable to select the gain medium 103 having a thick 
ness thinner than that thickness. 

As an example thereof, there are Resonant Tunneling 
Diode (RTD) based on photon-assisted tunneling, and Reso 
nant Inter-band Tunneling Diode (RITD) based on photon 
assisted tunneling. The RTD uses multiple quantum Well 
including quantum Well and tunnelable barrier Within con 
duction band or valence band. The RTD in any case is a 
tunneling diode of the structure to perform inter-subband 
transition of carriers. The RITD is a tunneling diode using 
tunnelable pn junction or Type II hetero-junction, and having 
a structure in Which carriers perform interband transition. 
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This tunneling diode is also called Esaki diode. Since both 
tunneling diodes are based on tunneling of carriers, it can be 
said that the thickness of the gain medium 103 can be thinner 
than the thickness of a depletion region Which can be pro 
duced. 
An example of the thickness thereof is indicated beloW. In 

the case Where an RTD is selected, the thickness of the gain 
medium 103 is, e.g., 10 nm. On the other hand, When an 
electric ?eld is applied to the RTD, the thickness of a deple 
tion region produced at the boundary part betWeen the gain 
medium 103 andthe electrical contacts 111, 112 is, e.g., about 
10 nm. At this time, spread in upper and loWer directions 
(lamination direction) of guided mode is primarily 10 nm. 
When a depletion region takes place, both thicknesses are 
added so that the total thickness becomes equal to 20 nm. In 
the case Where an RITD is selected, the thickness of the gain 
medium 103 is, e.g., 1 nm. On the other hand, When an electric 
?eld is applied to the RITD, the thickness of a depletion 
region produced at the boundary part betWeen the gain 
medium 103 andthe electrical contacts 111, 112 is, e.g., about 
1 nm. At this time, spread in upper and loWer directions of the 
guided mode distribution is primarily 1 nm. When a depletion 
region takes place, both thicknesses are added so that the total 
thickness becomes equal to 2 nm. Therefore, in both cases, 
there is employed a con?guration in Which spread becomes 
equal to an equivalent quantity With respect to the primary 
guided mode. For this reason, the change rate of equivalent 
refractive index is relatively large. This is desirable. 

For reasons stated above, e.g., a Wavelength variable Width 
of 10% or more can be provided. Moreover, in the case of the 
former (RTD), since this tunneling diode is a unipolar high 
speed device in Which delay time of carrier is relatively small, 
high speed operation of, e. g., nano sec. order can be expected 
as Wavelength sWeep rate. Namely, as compared to relative 
loW speed heat conduction, or temperature adjustment in 
Which high speed operation is dif?cult because of relatively 
large speci?c heat, the operation speed is high. 

It is to be noted that in the case Where the gain that the gain 
medium 103 has reaches a frequency region loWer than mil 
limeter Wave band (frequency region loWer than 30 GHZ), 
there is the possibility that parasitic RF oscillation may take 
place. This can be prevented in a manner as described beloW. 
Namely, parasitic RF oscillation is oscillation based on RC 
time constant. For example, time constant by an RC resonant 
circuit from the gain medium 103 up to external electric ?eld 
application means (not shoWn) via the electrodes 121, 122 is 
also a cause of parasitic RF oscillation. Therefore, there may 
be added a con?guration to deliver an electric ?eld betWeen 
the electrodes 121, 122 through bias T, or a con?guration to 
separately insert a resistor betWeen the electrodes 121, 122. 

EXAMPLES 

More practical examples Will noW be described. 

Example 1 

FIGS. 2A and 2B illustrate a ?rst example of an oscillation 
device to Which the present invention is applied. FIG. 2B 
illustrates, in an enlarged manner, a device body 20 illustrated 
in FIG. 2A. In this example, a gain medium is a resonant 
tunneling diode (RTD) based on photon-assisted tunneling. 
Gain produced in the RTD is observed as negative resistance 
in DC. In this case, it is considered that the gain broadly 
extends from millimeter Wave band up to terahertZ band. 
Accordingly, the RTD is a desirable example as a gain 
medium forming an oscillation device to Which the present 
invention can be applied. 
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8 
In FIG. 2B, a gain medium 203 is an RTD, and is of the 

con?guration in Which three barrier layers are used like 
spacer layer/barrier layer/Well layer/barrier layer/Well layer/ 
barrier layer/ spacer layer, for example. In order to realiZe this 
con?guration, lattice-matched InGaAs may be used on InP 
substrate as Well layer, and lattice-matched InAlAs or non 
matched AlAs may be used as the barrier layer. In more 
practical sense, there is con?gured to include a semiconduc 
tor multilayer structure of InGaAs (thickness 5.0 nm)/AlAs 
(1.3 nm)/InGaAs (7.6 nm)/InAlAs (2.6 nm)/InGaAs (5.6 
nm)/AlAs (1.3 nm)/InGaAs (5.0 nm) in order from the emit 
ter side toWard the collector side. When all layers are caused 
to be undoped layers in Which carrier doping is not intention 
ally performed, free electron absorption loss in the gain 
medium 203 can be disregarded. 
The RTD has a gain in frequency regions of millimeter 

Wave and terahertZ Wave on the basis of phenomenon called 
photon-assisted tunneling. For example, the RTD has peak 
current density of 60 kA/cm2 at the time When an electric ?eld 
of 0.3 V is applied, and indicates negative resistance Within 
the range from 0.3 V to 0.6 V. When the negative resistance is 
analyZed in more detail, it is considered that there is provided 
a gain of the order of 200 cm-1 in the frequency region from 
0.3 THZ to 1 THZ at the time When, e.g., an electric ?eld of 0.4 
V is applied. (see Jpn. Jour. Appl. Phys., Vol. 40, 5251 (2001) 
With respect to analysis of RTD). Such a gain medium 203 is 
sandWiched betWeen electrical contacts 211, 212 doubling as 
negative permittivity medium. The electrical contacts 211, 
212 of the gain medium 203 is con?gured so as to include a 
semiconductor ?lm of, e.g., n-InGaAs (50 nm) Which is lat 
tice-matched With an InP substrate. This semiconductor ?lm 
has electron concentration of 1><10l8 cm'3 by using Si as 
dopant. 

Further, the gain medium 203 is sandWichedbetWeen nega 
tive permittivity media 201 and 202 (222A, 222B). In this 
case, the negative permittivity media 201, 202 are also con 
?gured so as to include a semiconductor ?lm of n-InGaAs 
(100 nm) Which is also lattice-matched With an InP substrate. 
Here, electron concentration is caused to be 1><10l9 cm_3. 
This semiconductor ?lm is in ohmic contact With electrodes 
221, 222 such as Ti/Au, etc. It is to be noted that the above 
mentioned con?guration illustrates an example of the con 
?guration on the InP substrate, but is not limited to such 
implementation. It is considered that there is provided a semi 
conductor multilayer con?guration such as InAs/AlAsSb or 
InAs/AlSb on an InAs substrate, GaAs/AlAs on GaAs sub 
strate, or Si/SiGe on an Si substrate. 

Such device bodies 20 may be of buried type in Which such 
device bodies 20 are arranged on a transfer substrate 21 in 
FIG. 2A and are buried by a dielectric material 22. As the 
dielectric material 22, there is selected a material having loW 
permittivity and small loss such as BCB. When such a selec 
tion is made, since a drive electrode 222A and control elec 
trodes 222B (separated by electrode separation regions 223) 
can be draWn onto the dielectric material 22 (e.g., by about 
100 pm in a lateral direction), formation of a structure for 
electric ?eld supply (Wire-bonding) (not shoWn) to the drive 
electrode 222A or control electrode 222B becomes easy. 
Here, dimensions of the device body 20 are set such that siZe 
in a propagation direction of surface plasmon is 500 um and 
siZe in a lateral direction is 20 um. Additionally, in FIG. 2B, 
the device body 20 includes end faces 204, 205 forming 
cavity structure and the ground electrode 221. 

In the above-mentioned oscillation device con?guration, in 
order to estimate the relationship betWeen the depletion 
region and voltage of the electrode 222 for performing elec 
tric ?eld control thereof, numeric calculation Was performed. 
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In the numeric calculation, modeling of the con?guration of 
the gain medium 203 and clads (negative permittivity media 
201, 202 and electrical contacts 211, 212) holding upper and 
loWer parts thereof therebetWeen in the thickness direction 
(lamination direction) Was one-dimensionally performed to 
use Poisson’s equation so as to have ability to grasp the 
thickness of the depletion region. Here, it is assumed that 
difference of Fermi energy betWeen the negative permittivity 
medium 201 and negative permittivity medium 202 is equal to 
a voltage of the electrode 222 With the ground electrode 221 
being as reference. This method is a method knoWn as those 
persons skilled in the art. HoWever, in the case of further 
seeking for accuracy, there may be used a method of solving 
the Poisson’s equation and the Schroedinger’s equation in a 
self-consistent manner. 

FIGS. 3A to 3C are band diagrams illustrating hoW the 
depletion region is changed in accordance With change of 
voltage of the electrode 222. In FIGS. 3A to 3C, distance (nm) 
of the abscissa indicates the positional relationship from the 
emitter up to the collector through the gain medium 203, and 
corresponds to the upper and loWer directions (lamination 
direction) in FIGS. 2A and 2B. Ec and Ev in FIGS. 3A to 3C 
respectively represent conduction band edge and valence 
band edge, and the ordinate indicates arbitrary unit. On the 
other hand, n represents free carrier concentration in conduc 
tion band, and the ordinate indicates density (cm-3). Here, the 
depletion region is the region of loW concentration n<1><10l7 
cm-3 such that the real part of permittivity becomes positive, 
Which can be considered as dielectric like When vieWed from 
an electromagnetic Wave of terahertZ band. The numeric 
value is an example approximately calculated in the vicinity 
of 1 THZ. Since plasma frequency corresponding to n:1><10l7 
cm-3 exists in the vicinity of 1 THZ, de?nition is made in such 
a manner. In this case, the plasma frequency is a physical 
quantity indicating the boundary such that medium including 
free carrier is deemed as metal like When vieWed from an 
electromagnetic Wave With a frequency less than that plasma 
frequency, and is deemed as dielectric like When vieWed from 
an electromagnetic Wave With the plasma frequency or more. 
In accordance With this de?nition, in FIGS. 3A to 3C, illus 
tration is performed for easiness of understanding such that 
the depletion region formed at the boundary part betWeen the 
gain medium 203 and the clad is visually represented as 
“depletion”. FIG. 3A is a band diagram When voltage of the 
electrode 222 is 0.0 V. Moreover, FIG. 3B is a band diagram 
When the voltage of the electrode 222 is 0.4 V, and FIG. 3C is 
a band diagram When the voltage of the electrode 222 is 0.8 V. 
It is understood that there is a tendency such that an electric 
?eld increases in accordance With increase of voltage, and the 
depletion region becomes broad in accordance With increase 
of electric ?eld Within the range from 0.0 V to 0.8 V in a 
manner as stated above. For example, in FIG. 3C, the thick 
ness of the depletion region is broadened by about 13 nm as 
compared to FIG. 3A. 

FIG. 3D illustrates hoW equivalent refractive index of 
guided mode immediately beloW is changed. To realiZe this, it 
is suf?cient to re?ect respective free carrier concentrations of 
FIGS. 3A, 3B and 3C in the oscillation device con?guration 
With respect to Drude Model to take such a model as a calcu 
lation model. To this end, ?nite element method solver of the 
MaxWell’s equation Was used. This method is also a method 
knoWn by those persons skilled in the art. In this case, from 
demand of the ?nite element solver, graded free carrier con 
centration Was not given for the calculation model. For this 
reason, modeling Was performed such that the dielectric like 
region of n<1 ><10l7 cm-3 is caused to be a rectangular region 
of n:1><10l6 cm_3, and the metal like region of n>1><10l7 
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cm“3 is caused to be a rectangular region ofn:1><10l8 cm“3 at 
the part in the vicinity of the boundary of the depletion region 
de?ned in a manner previously described. Calculation Was 
performed Within the range from 0.3 THZ to 1.6 THZ as an 
example, Wherein frequency (THZ) of the abscissa is fre 
quency of the fundamental guided mode. The ordinate is 
equivalent refractive index of the fundamental guided mode. 

In FIG. 3D, a, b, c respectively re?ect FIGS. 3A 3B and 3C. 
At a corresponding to the case Where the voltage of the 
electrode 222 is 0.0 V, equivalent refractive index of guided 
mode in the vicinity of, e.g., 0.6 THZ is 15 .2. At b correspond 
ing to the case Where the voltage of the electrode 222 is 0.4 V, 
equivalent refractive index of the guided mode similarly in 
the vicinity of 0.6 THZ is 13.6. At c corresponding to the case 
Where the voltage of the electrode 222 is 0.8 V, equivalent 
refractive index of guided mode similarly in the vicinity of 0.6 
T2 is 11.8. From the above fact, it can be said that if the 
voltage of the electrode 222 is reread as voltage of the control 
electrode 222B as it is, the voltage of the control electrode 
222B is sWept from 0.0 V up to 0.8 V to thereby have ability 
to change equivalent refractive index of the guide Wave 
immediately therebeloW Within the range from 15.2 to 11.8. 
In the folloWing description, drive, control and oscillation 
Wavelength of this example Will be described. 

In the above-mentioned oscillation device con?guration, 
an oscillation Wavelength is estimated. At the time of ordinary 
operation, 0.4 V is assumed to be applied to the drive elec 
trode 222A, and 0.4 V is assumed to be applied to the control 
electrode 222B. At this time, from the formula (1), 7t:2>< 
13.6><500/m (m is integer) holds. For example, When m is 
assumed to be 27, the oscillation Wavelength becomes equal 
to about 500 pm (0.60 THZ) (see FIG. 4). It is to be noted that 
even if many oscillation modes exist in practice, it is suf?cient 
to select Wavelength of about 500 um by using a ?lter. 

Here, When voltage of the control electrode 222B is 
sWeeped Within the range from 0.0V to 0.8 V, there results a 
Wavelength variable operation. Here, it is assumed that the 
length L A of the surface plasmon Waveguide immediately 
beloW the drive electrode 222A is 250 um, and the length L B 
of the surface plasmon Wavelength path immediately beloW 
the control electrode 222B is 250 pm. In accordance With the 
formula (2), When the voltage of the control electrode 222B is 
0.0V, 7»:2><(13.6><250+15.2><250)/27 holds, and the oscilla 
tion Wavelength is changed into about 530 um (0.5 THZ). (see 
FIG. 4). Moreover, When the voltage of the control electrode 
222B is 0.8 V, 7»:2><(13.6><250+11.8><250)/27, and the oscil 
lation Wavelength is changed into 470 pm (0.64 THZ) (see 
FIG. 4). 

Accordingly, When the voltage of control electrode 222B is 
sWeeped in a manner as shoWn in FIG. 4, the Wavelength 
variable Width becomes equal to about 12%. The above 
mentioned numeric values are one example. Therefore, con 
trol electric ?eld is further greatly changed thus to have ability 
to further also enlarge Wavelength variable Width. This is the 
merit of this example that independent electric ?elds can be 
applied to the respective drive and control electrodes 222A 
and 222B. 
The oscillation device con?guration of this example can be 

fabricated by the folloWing fabrication method. 
First, the n-InGaAs layers 202, 212, multiple quantum Well 

203 by InGaAs/AlAs and n-InGaAs layers 211, 201 are epi 
taxially groWn by Molecular Beam Epitaxy (MBE) process 
on an InP substrate. The Ti/Au 221 is deposited on the surface 
thereof as an electrode to perform etching doWn to the sub 
strate so as to take a mesa shape in Which Width is 20 um and 
length is 500p. as stated above. As etching, there is used dry 
etching based on photolithography and ICP (Induced Cou 
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pling Plasma). Next, bonding based on pressure-?tting is 
performed between the electrode 221 and the Au thin ?lm on 
the transfer substrate 21 Where an Au thin ?lm is deposited. 
There may be employed heat-fusing solder such as AuSn, etc. 
Thereafter, When Wet etching is performed by hydrochloric 
acid, only the InP substrate is selectively removed. For this 
reason, there results a form such that the mesa-shaped epi 
taxial layer is transferred onto the transfer substrate 21. 

Next, the BCB 22 Was coated by spin-coat process. There 
after, the mesa-shaped epitaxial layer is exposed. Finally, the 
drive electrode 222A and control electrode 222B Were 
formed, by the lift-off process, on the surface of the n-InGaAs 
layer 202 Which has appeared after the InP substrate has been 
removed. Thus, the above-mentioned con?guration is com 
pleted. In this case, for formation of an electrode separation 
area 223, etching of the n-InGaAs layer 202 may be per 
formed With the photoresist utiliZed in the lift-off process 
being as a mask. 

In accordance With this example, siZe of the depletion 
region can be adjusted by a relatively large ratio With respect 
to the region of the gain medium 203 at a relatively high rate 
by electric ?eld application through the control electrode 
222B as stated above. As a result, the equivalent refractive 
index that the guided mode senses can be greatly changed. 
Accordingly, there can be realiZed an oscillation device 
Which is broad in Wavelength variable Width and is high in 
Wavelength sWeep rate as compared to the related art. 

Example 2 

FIGS. 5A and 5B illustrate the con?guration of the second 
example of an oscillation device to Which the present inven 
tion is applied. FIG. 5B shoWs, in an enlarged manner, the 
device body in FIG. 5A. In this example, the cavity structure 
uses DBR. Since the cavity structure having Wavelength 
selectivity is employed as the cavity structure differently 
from Example 1, mode hopping becomes dif?cult to take 
place. Accordingly, as cavity structure forming the oscillation 
device to Which the present invention can be applied, this 
example is a more desirable example. 

In FIG. 5B, an RTD on the same InP substrate as that of 
Example 1 is used as a gain medium 503. Electrical contacts 
511 and 512 are con?gured so as to include a semiconductor 
?lm of n-InGaAs (thickness 50 nm) having electron concen 
tration of l><l0l8 cm'3 , and negative permittivity media 501, 
502 are con?gured so as to include a semiconductor ?lm of 
n-InGaAs (thickness 100 nm) having electron concentration 
of l><l0l9 cm_3. Moreover, as electrodes 521, 522 (522A, 
522B, 522C), there is used Ti/Au. 

There may be employed-buried type in Which these com 
ponents are disposed on a transfer substrate 51 in FIG. 5A, 
and are buried by dielectric body 52. DBRs 504, 505 are 
con?gured so as to periodically alternately repeat control 
electrodes 522B, 522C. Here, the dimensions of the device 
body 50 are set so that siZe in propagation direction of surface 
plasmon is 1.2 mm, and siZe in lateral direction thereof is 20 
pm. In this case, the regions of the DBRs 504, 505 thereof are 
respectively ensured by about 100 pm in the propagation 
direction of surface plasmon. In FIGS. 5A and 5B, the device 
body 50 includes drive electrode 522A (separated from con 
trol electrodes 522B and 522C) by electrode separation 
regions 523), and the ground electrode 521. 

The DBRs 504, 505 indicate high re?ection factor in a 
speci?c Wavelength depending upon the refractive index dis 
tribution period. In the case of this example, the oscillation 
Wavelength is a speci?c Wavelength itself selected by the 
DBR. This is because the oscillation Wavelength is pulled into 
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12 
a Wavelength of high Q value of the DBR cavity similarly to 
the fact that Wavelength having refraction factor is selected by 
Fabry-Perot etalon in accordance With the formula (1). There 
fore, the oscillation Wavelength depends upon refractive 
index distribution at the unit period of the DBR, and is 
expressed as 7F4nBLBI4nCLC. Here, ns is equivalent refrac 
tive index that the guided mode immediately beloW the con 
trol electrode 522B senses, and LB is length of surface plas 
mon Waveguide immediately beloW the control electrode 
522B. Moreover, nc is equivalent refractive index that guided 
mode immediately beloW the control electrode 522C senses, 
and LC is length of surface plasmon Waveguide immediately 
beloW the control electrode 522C. 

In the above-mentioned oscillation device con?guration, 
as an example of Wavelength variable operation, it is assumed 
that 0.4 V is applied to the drive electrode 522A and 0.0 V is 
applied to the control electrode 522C. In this case, in order to 
alloW the DBRs 504, 505 to function, an applied voltage to the 
control electrode 522B is caused to be different from that of 
the electrode 522C, e.g., 0.6 V is assumed to be applied. Here, 
there is employed a con?guration in Which pitches of the 
control electrodes 522B, 522C are set to 20 um, and duty is 
caused to be 55% (ratio betWeen the length of the control 
electrode 522B and length of the control electrode 522C is 
1 1:9) to periodically repeat ?ve number of operations. When 
linear interpolation is performed in connection With the rela 
tionship betWeen voltage of electrode and equivalent refrac 
tive index of guided mode, Which is illustrated in FIG. 3D, 
approximate equivalent refractive index at 0.6 V can be esti 
mated. Thus, calculation is performed such that 7t:4><l2.7>< 
ll§4><l5.2><9§550. Namely, the oscillation Wavelength 
becomes equal to 550 (0.55 THZ). 
As an example of another Wavelength variable operation, it 

is assumed that 0.4 V is applied to the drive electrode 522A, 
and 0.8 V is applied to the control electrode 522B. In this case, 
in order to alloW the DBRs 504, 505 to function, the voltage 
of the control electrode 522C is caused to be a voltage differ 
ent from the control electrode 522 B, e. g., 0.2 V is assumed to 
be applied. When the relationship betWeen voltage of elec 
trode and equivalent refractive index of guided mode, Which 
is illustrated in FIG. 3D, is linearly interpolated, approximate 
equivalent refractive index at 0.2 V can be estimated. Thus, 
calculation is performed such that 7»:4><ll.8><ll§4><l4.4>< 
9 g 520. Namely, the oscillation Wavelength becomes equal to 
520 gm (0.58 THZ). 
When a voltage applied to the control electrode 522B is 

sWeeped Within the range from 0.6V to 0.8V, and a voltage 
applied to the control electrode 522C is sWept Within the 
range from 0.0V to 0.2V in a manner stated above so that 

nBLBInCLC holds, Wavelength variable Width becomes equal 
to about 6%. The above-mentioned numeric values are an 
example. By further greatly changing control electric ?eld 
similarly to Example 1, Wavelength variable Width may be 
further enlarged. This is because the present example also has 
the merit to have ability to apply an independent electric ?eld 
to the drive electrode 522A and control electrodes 522B, 
522C. 

While the cavity structure con?gured by periodically 
repeating control electrodes is caused to be of the DBR type 
in this example, the present invention is not limited to such 
implementation. For example, in the above-mentioned oscil 
lation device con?guration, there may be a cavity structure of 
the DR type from Which one DBR is excluded. Alternatively, 
there may be employed of the DFB type in Which the length 
of surface plasmon immediate beloW the drive electrode is set 
to extremely short length, and one control electrode at DBR is 
caused to be drive electrode. Also in the present example, the 
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advantages described in Example 1 can be obtained in addi 
tion to the advantages speci?c to the present example. 

Example 3 

FIGS. 6A and 6B illustrate the con?guration of an oscilla 
tion device of the third example to Which the present inven 
tion is applied. FIG. 6B illustrates, in an enlarged manner, a 
device body 60 in FIG. 6A. In the present example, a gain 
medium is a resonant inter-band tunneling diode (RITD) 
based on photon-assisted tunneling. The RITD has a gain of 
millimeter Wave band utilizing the photon-assisted tunneling. 
Accordingly, there is disclosed a modi?ed example of a gain 
medium forming an oscillation device to Which the present 
invention can be applied. 

In FIG. 6B, a gain medium 603 is RITD, and is of the 
con?guration using Type II hetero-junction, e.g., as in the 
case of n type 8 doped part/ spacer layer/ Type II spacer layer/ 
p-type 8 doped part/Type II p-type layer. In connection With 
these components, lattice-matched Si may be used on an Si 
substrate as a spacer layer, and SiGe Which is non-matched 
and serves as Type II hetero-junctioned to Si may be used as 
a Type II spacer layer or Type II p-type layer. In more practical 
sense, there is provided a con?guration including a semicon 
ductor multilayer structure of n-Si (6-dope)/ Si (thickness 1.0 
nm)/SiGe (2.0 nm)/p-SiGe(6-dope)/p-SiGe (1.0 nm) in order 
from the emitter side to the collector side (see Appl. Phys. 
Lett, Vol. 83, 3308 (2003) in connection With the con?gura 
tion of gain medium). Here, the spacer layer and the Type II 
spacer layer are caused to be undoped. 

Such gain medium 603 is sandWiched betWeen negative 
permittivity media 601, 602 doubling as electrical contacts 
61 1, 612. The negative permittivity medium 601 is con?gured 
so as to include, e.g., a semiconductor ?lm of n-Si (100 nm) 
Which is lattice-matched With an Si substrate. Here, P is used 
as dopant, and electron density is caused to have 5><10l9 cm_3. 
The negative permittivity medium 602 is con?gured so as to 
include, e.g., a semiconductor ?lm of p-Si (100 nm) Which is 
lattice-matched With an Si substrate. Here, B is used as 
dopant, and electron concentration is caused to have 5><10l9 
cm_3. In this Way, the gain medium 603 is in ohmic contact 
With electrodes 621, 622 (622A, 622B) such as Al. 

The RITD has a gain in a frequency region of millimeter 
Wave band on the basis of phenomenon called photon-as 
sisted tunneling. For example, in the above-mentioned RITD, 
peak current density is about 40 kA/cm2 at the time of appli 
cation of an electric ?eld of 0.3V, and indicates negative 
resistance at the time of application of an electric ?eld of 0.3V 
to 0.4V. There is employed a buried type in Which these 
components are disposed on a transfer substrate 61 and are 
buried into a dielectric material 62. As the dielectric material 
62, there is selected a material having loW permittivity and 
small loss such as BCB. 

Here, dimensions of the device body 60 are set such that 
siZe in a propagation direction of surface plasmon is 500 um, 
and siZe in a lateral direction is 20 um. In this case, there are 
ensured impedance transformation regions 606, 607 such that 
equivalent refractive index immediately therebeloW is loW 
ered Without adding the electrode 622 by 7t/4n from the end 
part of the surface plasmon Waveguide. This example is 
directed to an applied example of M4 impedance transforma 
tion element knoWn in the microWave technology, and is used 
When there is a desire to enhance coupling ef?ciency With 
respect to an external space. It is to be noted that the present 
invention is not limited to such implementation, but for 
example, AR coating or lens knoWn in the optical technology 
may be utiliZed. These methods or techniques all reduce 
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impedance miss-matching With respect to external space. It is 
to be noted that the same method may be applied also at the 
time of enhancing coupling ef?ciency With respect to an 
external high frequency transmission path such as microstrip 
line, or co-planar Waveguide. Additionally, in FIG. 6B, the 
device body 60 includes end faces 604, 605, and the ground 
electrode 621. 

In the above-mentioned oscillation device con?guration, in 
order to estimate the relationship betWeen depletion region 
and the voltage of the electrode 622 to control the strength of 
electric ?eld (ground voltage 622 is caused to be reference), 
numeric calculation Was performed by the same technique as 
that of Example 1. FIGS. 7A to 7C are band diagrams illus 
trating hoW the depletion region is changed in accordance 
With change of the voltage of the electrode 622. In FIGS. 7A 
to 7C, distance (nm) of the abscissa indicates the positional 
relationship from the emitter through the gain medium 603 to 
the collector, and corresponds to upper and loWer directions 
in FIG. 6B. Ec and Ev in FIGS. 7A to 7C respectively indicate 
conduction band edge and valence band edge, Wherein the 
ordinate indicates an arbitrary unit. In this case, since Si or 
SiGe is not a direct transition type semiconductor, the mini 
mum point at x-[ point is used as the conduction band edge 
With the valence band edge of heavy hole being as reference. 
Moreover, n and p respectively indicate free carrier concen 
trations in the conduction band and the valence band, and the 
ordinate thereof indicates density (cm_3). 

Here, the depletion region is assumed to have loW concen 
tration expressed as n<1><10l5 cm_3, p<1><10l5 cm“3 such that 
the real part of permittivity is positive, Which is considered as 
dielectric like When vieWed from an electromagnetic Wave of 
millimeter Wave band. The numeric values are one example 
approximately calculated in the vicinity of 100 GHZ. Since 
plasma frequency corresponding to n:1><10l5 cm“3 and p:1>< 
1015 cm-3 exists in the vicinity of 100 GHZ, de?nition is made 
in such a manner. In accordance With this de?nition, also in 
FIGS. 7A to 7C, illustration is made for easiness of under 
standing such that the thickness of the depletion region is 
visually represented as “depletion”. FIG. 7A is a band dia 
gram When device voltage is 0.0V, FIG. 7B is a band diagram 
When device voltage is 0.4V, and FIG. 7C is a diagram When 
device voltage is 0.8V. It is understood that there is a tendency 
such that an electric ?eld increases in accordance With 
increase of voltage, and the depletion region becomes narroW 
in accordance With increase of electric ?eld Within the range 
from 0.0V to 0.8V as stated above. For example, in FIG. 7C, 
as compared to FIG. 7A, the thickness of the depletion region 
is narroWed by about 0.2 nm. 

FIG. 7D illustrates hoW the voltage of the electrode 622 
changes the equivalent refractive index of guided mode 
immediately therebeloW. To this end, respective free carrier 
concentrations of FIGS. 7A, 7B and 7C in the device con?gu 
rations are re?ected With respect to Drude model so that a 
calculation model is provided. Calculation Was performed 
Within the range from 30 GHZ to 160 GHZ as an example, 
Wherein frequency (GHZ) of the abscissa indicates frequency 
of fundamental guided mode. The ordinate indicates equiva 
lent refractive index of the fundamental guided mode. In FIG. 
7D, a, b, c respectively re?ect FIGS. 7A, 7B and 7C. At a 
corresponding to the case Where voltage is 0.0V, the equiva 
lent refractive index of the guided mode in the vicinity of 30 
GHZ is 108, for example. At b corresponding to the case 
Where voltage is 0.4V, the equivalent refractive index of 
guided mode similarly in the vicinity of, e.g., 30 GHZ is 117. 
At c corresponding to the case Where voltage is 0.8V, the 
equivalent refractive index of the guide Wave similarly in the 
vicinity of 30 GHZ is 134. From facts described above, if the 



US 7,889,015 B2 
15 

voltage of the electrode 622 is reread as a control electrode 
622B voltage as it is, the voltage of a control electrode 622B 
is sWept Within the range from 0.0V to 0.8V so that the 
equivalent refractive index of the guided mode immediately 
therebeloW can be changed Within the range from 108 to 134. 

In the above-mentioned oscillation device con?guration, 
an oscillation Wavelength is estimated. At the time of ordinary 
operation, it is assumed that 0.4V is applied to a drive elec 
trode 622A and 0.4V is applied to the control electrode 622B. 
At this time, from the formula (1), the relation expressed as 
7»:2><117><0.5/m (m is integer) holds. For example, When 
m:13 is selected, the oscillation Wavelength becomes equal 
to about 9.0 mm (33 GHZ) (see FIG. 8). Here, the voltage of 
the control electrode 622B is sWept from 0.0V up to 0.8V so 
that Wavelength variable operation is provided. Here, the 
length L A of the surface plasmon Waveguide immediately 
beloW the drive electrode 622A is set to 250 um, and the 
length LB of the surface plasmon Waveguide immediately 
beloW the control electrode 622B is set to 250 pm. In accor 
dance With the formula (1), When the voltage of the control 
electrode 622B is 0.0V, the relation expressed as 7t:2><(117>< 
0.25+108><0.25)/13 holds. As a result, the oscillation Wave 
length is changed into about 8.7 mm (35 GHZ) (see FIG. 8). 
When voltage of the control electrode 622B is 0.8V, the 
relation expressed as 7»:2><(117><0.25+134><0.25)/13 holds. 
As a result, the oscillation Wavelength is changed into 9.7 mm 
(31 GHZ) (see FIG. 8). Accordingly, When the voltage of the 
control electrode 622B is sWept as shoWn in FIG. 8, the 
Wavelength variable Width becomes equal to about 1 1%. The 
above-mentioned numeric values are one example. By further 
greatly changing control electric ?eld, Wavelength variable 
Width may be further enlarged. 

The oscillation device con?guration of the present example 
can be fabricated in accordance With the folloWing fabrication 
method. 

First, the p-Si layer 602, the Type II hetero-junction 603 
based on Si/SiGe and the n-Si layer 601 are epitaxially groWn 
on an Si substrate by loW temperature molecular beam epit 
axy (LT-MBE) process. The reason Why loW temperature 
groWth is selected is to reduce segregation of dopant. The A1 
621 is deposited as an electrode on the surface thereof to 
perform etching doWn to the substrate so as to take a mesa 
shape in Which Width is 20 um and length is 500 pm as stated 
above. Next, bonding by pressure-?tting is performed 
betWeen the electrode 621 and an Al thin ?lm on the transfer 
substrate 61 Where the Al thin ?lm is deposited. Thereafter, 
When such a Wet-etching to selectively remove only the Si 
substrate is performed, there results a form such that the 
mesa-shaped epitaxial layer is transferred onto the transfer 
substrate 61. Next, the BCB 62 is coated thereafter to expose 
the mesa-shaped epitaxial layer. Finally, the drive electrode 
622A and control electrode 622B are formed on the surface of 
the p-Si layer 602 Which has appeared after the Si substrate 
has been removed. Thus, the above-mentioned con?guration 
is completed. 

Also in the present example, the advantages Which have 
been described in Example 1 similarly including Fabry-Perot 
etalon cavity can be provided. 

While the present invention has been described With refer 
ence to exemplary embodiments, it is to be understood that 
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16 
the invention is not limited to the disclosed exemplary 
embodiments. The scope of the folloWing claims is to be 
accorded the broadest interpretation so as to encompass all 
such modi?cations and equivalent structures and functions. 

This application claims the bene?t of Japanese Patent 
Application No. 2006-344565, ?led on Dec. 21, 2006, Which 
is hereby incorporated by reference herein in its entirety. 
The invention claimed is: 
1. An oscillation device for oscillating an electromagnetic 

Wave having a frequency selected from a frequency region 
from 30 GHZ to 30 THZ, comprising: 

a ?rst negative permittivity medium of Which a real part of 
permittivity With respect to the electromagnetic Wave is 
negative; 

a second negative permittivity medium of Which a real part 
of permittivity With respect to the electromagnetic Wave 
is negative; 

a gain medium sandWiched betWeen the ?rst negative per 
mittivity medium and the second negative permittivity 
medium, and having a gain With respect to the electro 
magnetic Wave; 

a cavity structure for resonating the electromagnetic Wave; 
a drive electrode for injecting carriers into the gain medium 

to drive the gain medium; and 
a control electrode to change thickness of a depletion 

region formed betWeen at least one of the ?rst and sec 
ond negative permittivity media and the gain medium for 
controlling oscillation Wavelength, Wherein the control 
electrode is con?gured to apply an electric potential 
independently of the drive electrode. 

2. The oscillation device according to claim 1, 
Wherein the cavity structure is con?gured so as to include a 

Waveguide for propagating the electromagnetic Wave, 
the gain medium extends along a propagation direction of 

the electromagnetic Wave, and is sandWiched betWeen a 
?rst clad of the ?rst negative permittivity medium and a 
second clad of the second negative permittivity medium 
at upper and loWer parts in a thickness direction thereof, 
and 

the Waveguide is con?gured so as to include the gain 
medium, the ?rst clad and the second clad. 

3. The oscillation device according to claim 1, 
Wherein at least one of the ?rst negative permittivity 
medium and the second negative permittivity medium is 
con?gured so as to include a metal, a carrier-doped 
semiconductor, or a metal and a carrier-doped semicon 
ductor. 

4. The oscillation device according to claim 1, 
Wherein the gain medium is a resonant tunneling diode 

based on photon-assisted tunneling. 
5. The oscillation device according to claim 1, 
Wherein the drive electrode comprises a ?rst electrode pro 

vided on the ?rst negative permittivity medium and a 
second electrode provided on the second negative per 
mittivity medium, and 

the control electrode comprises a third electrode provided 
on at least one of the ?rst negative permittivity medium 
and the second negative permittivity medium. 

* * * * * 


